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. A ; Growth of Streptomyees aureofaciens in Continnous Culture X
‘ Bowvwin Rikvra, Josee Spezkn, s Mot Jigwenn ¢
; Antibintica Keacared Inotitate, Rottoky wear Prague, (Ctoehnslneakin ! . . . X
‘. Revorved for publiestion August 20, 190 ' B
St 1 The teehnigue of continions edtivation of mierns. sudinmn entoride, 0.2 per cent. The individual compes i -
: SIS I I ARy respwects superior to the traditionnd nents of the mediom were disolved in di tilleed water
z! caltivation methods, amd bas therefore been st for and the medium was sterilized in a atenlization tank
i many prrposes, One of its great advantages over class. with mixing at 120 C for 20 min. Mier steribantion, the
: enl methods i e possibility of halding 0 growing plt was 6.8 10 7.0. In thin mediom cither sucewee (0.2
: pepreluntion at constant size over lung periods of time. or 0.4 per cent) or ammonium sulphate (.05 or 0.1 per
; Anather advantage ties in the fuet that the comeentra. vent) were wsed na growth limiting feclors, the other !
tion af all chenveal siubwtanees in the eultivation veesel components being present in exeess,
) . I coustium, Continuons cullure apparatus. The equipment for the
: The theoretical banis for the continuans eultivation continaous enltivation consistedd of (1) a tank of 100-1,
., ' i has been elnborated only reeently, simudtaneously by working eapneity in which the nuteient medinm was
. .. Mosnend (1K), aned Noviek and Sziland (19020}, although prepared and sterilized; (b) a smaller tank of 20.0,
. the technique itself had been used before the sofution of working capucity which was used for storing the nu-
. ! ~ome theoretical aed practical problems (Itogers and trient medinm whi'e another bateh of the medium was
: Whittier, 1030; Cleney, Beand, and  Clifton, 1935 being prepured in the serilization tank; nd (c) a
| Maleh, 1913), Sinee that time, the theary hax been fermeutor which was of a design described in detail by
! further developed by o ntnber of author in some Sikyta ef al. (1958). This fermentor has an internsl
spevinl questions. Most of the published work s eon. dinmeter of 24 em. and & height of 49 em; the working
! cerned with the growth of bacterin o contimions eapacity is 10 L. It ix cquipped with an open-turhine.
! enlture, bt the growth of yensts, actinomyeetes, algae, type ngitator (six fint blades with a dinmeter of 12 em),
~ : Hineellata, and animal eells has been sindied as well, a sparger and fonr baffles. The agitating velocity was
. ',' Although lately a number of papers concerned with the 400 rpm, the air flow 0.5 volume per volume of cultupe
: T eotinuons enltivation of actinomycetes have heen per min. The oxygen transfee mate, determined by the
. )' published (Brown, 1959; Bartlete amd Gerhardt, 1950; methad of Cooper, Fernstrom, and Miller (1944) was
o Sikytn, Doskodil, and Kndparovd, 1059), it seems that L5 ml Oy per mi per he. The feed-mte of the medinm
- an exact measuring of the growth of actinomyeetes into the fermentor was ndjusted by mean< of a peristal-
i under various eier 'y states has not w0 far been under- tie pump aixd the level of the culture fuid in the vessel .
¢ . taken, . was maintained conntant by an overflow tube. The )
‘ ' ] It has been the aim of the present work to study the fermented medium was eolleeted in a enllector. In all
. hehuvionr of the actinomyeete Streplomyees aureofacicna experiments deseribed in this paper, the tempersture in '
, LI 1 as u representative of filamentows organisms, under the culture veseel wan 28 .
exactly defined eonditions of eontimious growth, while The sterile synihetic medium in the fermentor was :
5 using two nutricnts as limiting: factors, and to find out invariably inoculated with 50 mi of & 20-Re-old inoeu- l
: to what extent this behaviour in in acvordanee with the lum, grown in flasks on a recipmeal shaking machine,
H theory of continious cultivation. The synthetic medium wns nsed an inoenlating medinm
‘ ‘ in the flasks with the addition of 0.1 per cent eorn steep
. i Mavkrista axp Mernons liquor (sofids); it had been demonstrted that experi- i
: Organiam. 8. aurcofaciens steain BMK from the ments run in tanks inoculated with an inoenlcou grown :
B eollectiom of the Antibintien  Resesrch  Institute in in o synthetic medium without oo steep did ot
. : Roztoky near Prague was used. furnish reproducible resulin, v
Medinm. "The componition of the synthetic fermenta- Analytical methods. Ramples were taken every 3 he ¢
tion medivimn was as follows: sueroe, 2 per eent ; ammo- amd tested for pil value and dry weight of the myee- !
] nium sulphate, 0.5 per cent; potnssivm  phosphate lium; rampies were tested every 6 hr for ammonia-
L ) munohasic, .68 per cent; sdium hydroxide, 0.125 per nitrogen content and sucrose conceuntration, and the
’ cent; magnesivin sulphate heptahydmte, 0.05 per cent; chlortetracyeline content was asayed  biologically
: ; ' All symbole used in this work were taken from the paper acconling to Hem (1935); the purity of the microbial
: . of Herbert Elaworth, and Telling (1836). species was examined in & mample taken every 12 hr. In :
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wine enwe, the ammo nitpogen cotdent (Sehroasder,

hay, and Mille, 195405 of the medonm and the mitrogen
in ilw dey weight of the myeelam was determaned

For uu;ol.\‘llrnl Ay FO0 il of the sumple wers with.
drann 1o finske containing 1 ml of 0 M per cent slution
of mereurie ebloride.

Renerms

Groneth in batch cultnre, Fo insure that the limiting
sibatrnte timedd was in fuet the ondy limiting substrate,
experiments were fun in fermentors using o synthetie
mevdium with the following coneentemtions of «ierose:
0, 0.2, and 0.4 per cent, and the following coneentrtiona
of ammoniun sulphate: 0, .05, and 0. per eent. When
zere concentrations of the limiting substrates wepe
weesd, 0o geowth ocenreed; with the remnining coneen-
teations the termination of the logarithnie phase (in
fact, practically the termination of growth altogether,
for the lognrithmie phasen ended mther abruptly) cor.
respornled well with the complete depletion of  the
limiting fnetor,

The valuer of the dry weight of myeelium, obtained
at 3-hr intervals, were uned for determining the maxi-
mal growth mte (ua).! For the logarithmie phases of
the growth curves (natuml logarithms of the dry weight
of myeclium plotted agninst time) which took in indi-
vidual experimentia 135 to 21 be, the slopes of the strnight
lines were determined hy enleulnting: their regression
cocfficients; this was done for both concentrations of
the two limiting factors,

From the valuen obtained, the average value of the
slope, 0.18, was ealeulated, d.e., the avernge value of
the maximal, attainable growth mte of the struin S,
anrcofaciens in the synthetic medium used. This value
determines at the same time the maximal, theoretieal
dilution rate, which ean be used for the cultivation of
thi» micrvorganiam without having it washed out from
cultivation veneel.

(reth in continuous culture, The experiments were |

performed by allowing the cultivation (after inoculating
the nutrient broth in the tank) to proceed balchwine
until a concenteation of the organisms reached 80 to 90
per cent of the expeeted value. This concentmtion
uainlly taken place between 18 to 24 hr. Using lower
dilution rates (lower than 0.08 hr') the steady sinte
heeame mottled after exchanging approximately one
valuine of the nutrient broth; wherens, using dilution

f

mtesover 0.08 hr-', the ateady-state was achicved after’

exchanging apy. tely two volumes of the nutrient
broth in the iermentor. Therefore, measiremients were
performed only after exchanging the respeetive vol-
umen. We proreeded in this way not only when starting
the firnt run of an experiment, but alwo when changing
one ateady state for another, ie, when alternnting
between a higher and a lower dilution rate, The actual
cavasuring of tho valaes at a given dilution rate were

BORIKYEN, 0 RLEZAK, AND AL HEROLD Va9

performed for a et of 27 1o 65 he, siter whieh the
dhilition pute wins change). “Thie wae cantunesd until an
wervnse oecnurned o the dry weight of the myeeham,
duie tes geamth of the tiieroorgnnems on the wsile of the
vessel, or untd comtanminntion h_v uhather nieeoorgan
min or some mechubical defeot mde 8 peeeesary 1o
interrupt the experanent

The dry weight of myeelium remnited at o given
dilition mite (ad within the murgn of expenmentad
error) eonstant for the entire durndion of the mensuring
An growth fimiting facior, sneeae 1 02 g 0.4 prr
coent coneentention and smmonmim sulphate p 005
and 0.1 per cent coneent mtion weer userd. '

Suerone limitation. 1t enn be seen from iguees §oand 2.

thut the values of the dry weight of myerlinm remain

constamt within a eertain moge of dilition mte (1) ~

0.052 10 0.7 he'). When the Dy value is exceeded,
decrense of the dry weight of myeclium takes pinese.
Complete wnshing ont of the oeganisms oeeurs at a dili-
tion rate about 0.2 br 4, thix value, ol:tuined by extra-
polution, is denoted D2, in the tigure. A deop in the dey
weight of mycelium was obmerved even sl dilution etes
lower than 0.052 hr-', The nitrogen content in the dey
weight of the myeelium is npproximately eonstant at all
dilution rtes examined, abont 11.3 per eent ifigure 3.
The ontput of the dry weight of myeclivm increases
with increasing dilution mte up to Ny, afier which it
dropa abruptly. in the muge of dilution mtes, 0.02 10
0.052 br *, the output is smaller in accordance with the
lower weight of dry myeelium, The yield constant hasa
constant value 0,43 in the mage of dilution rates, 0,632
10 0.17 hr='; at dilntion rten below 0.052 hr ' niwl above
0.17 he!, it deereases (figure 4). The substeate coneen-

teation is practieally nil up to the dilution rate 0.17
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Figure 1. Meady-aiate relationshipe in continnons culiure
of Sireplomyces aurcofacions using surrose an the limiting
factor in the inflowing medium, Medin: 0.4 per cent suerive aml
(@) dry weight mycelinm, (O) microse concent ration, tGroul.
putof dry weight myeelium; 0.2 per cent sucrone and LA dry
weight myeelium, (8) suerose concantration, (d) output of
dry weight mycelium, '
,
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b, whereigpen the aubatrte begins to appeat the
sesinun .

Verv inteneating je the eorrelation between the pro-
detiont of the antibnot,e amd the dilution rate (hgam 2),
At fow dilution rates (ower than about 005 br ') o
antibwtae s pr ool At higher dilution nites (over
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CONTINUOUS CULTURE O N (CREOFACIENS

@052 hr P up to Dy the concentrbion of the antibuotwe
i the broth s heit wt w0 eanstunt value Beeanes the
dry weght of myrelinm an the wid monge of dhilitun
r:niri remans constant as well, the ratr chloeteten.
eyeline 10 1 g dry weight of myerinum is als enn<tant.
At higher values of dibution mtes (when 1) ~ 017 he ?
is execedesd) the content of the antibiotic i the nutnent
rubly aml se therefore not listed an

broth varies eotsie

the figures.
Siilar to the preduction of the antibiotic, the

production of yellow pugments i< alwe deperdent on the
dilution mte. Exaet deteeminntions of their coneentea-
tion, e.g. eolorimetrie, wonld be puther ditheuly: when
attempts were made to isolate them, they werr shown
tor bie componsl of a complex of a lenst 6 compeiitels
of different eolors (unpmblishiad experiments), there-
fore, these pyments were mercly estimated by visual
olmervation. At those dilution mtes where no antibiote
is producnd, pigments are not exeretesd to the medun,
and the medium ie whitish, At dilution mtes above 0.06
hr !, exerction of pigments to the mesdium  starts
smultaneously with the prduetion of the antibnatie,
and the medinm becomes yellow, Strong pigraeatation
of the medium and myeclinm oceurs at dilution mites
higher thun 0.08 hr 5. Tt follows from these ohwerva.

tions that there is a close relationship between the
production of the antibiotic and that of the pigments. A
nonpigmented myeclinm, producing o antibiotic, ap-
pears at dilution rateslower than 0.05 hr * after 16 to 80
hr of comtinnous growth, The time necessary for this
depends on the dilution mte in such a way, rg., with a
diminishing value of the dilution mte that the time
neeessary for the disappeasranee of the antibiotie ad
pigments at both concentrutions of the limiting fnetors
grows shorter.

When the dilution mte is altered sepeaiedly during
one single run, the nonpigmenting mycelinm grown at
a dilution rate lower than 0.05 he * is found to start
producing the pigments on inereasing the dilution mte
over 0.05 he ', nind the production of the pigments
ceanes again upon deereasing the dilition mte helow
Q.05 hr % for that reason the process may be assumesd to
be reversible, Simultancously with these changes in
pigmentation  the  coneentetion  of  the antibiotie
changes correspondingly.

Thewe obmervations apply 1o both concentmtions of
the himiting substmte.

Ammoninum sulphate imitaiion. Figures 5 aid 6 sume-
marize the results obtained during continnons grewth
of 4 culture of 8. gureofaciens on a synthetic medinm
with the limiting concentrutions of 005 amd 0.1 per
cont of a [ iphate. The relationship bhetween

the values of the dry weight of myecelium vl the
dilution mte (figure 5) is the same an in similar experi-
ments with suctone limitation. At very dow  dilution
mtes, the values of the dry weight of myeelium decrense

.
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foor Veath comny nitpations of atimeniun, salphate eed.
Pl shape ot the amitpmt enrve ot the dey weht of
v b 1s atcdegeass 1o sterome lintztion, The nitee.
g0 1 evtent an the dey weight ol mvechnm dnoe 5
ddevrenece at fewer shlution rates e an avernge s ahe
ol B pwr evnt 1o as low e 8 10 9% s evnt. This decrense,
and alws a generally lower mtrgen content in the dry
werght of nuvevhinm grvown at all dilution mtes nsed,
diffepntiates the anunonium ~ulphate lnitation from
atierome himitation. The submtrute tirst appenrs at the
ity rte 016 hre ', fr, munewhat sooner than is
the cuw with suernee being twvd a« the limiting {aetor.
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Figure §. Steady state relationships in continuons eulture

of Kireplomyres aurenfariens uaing (NH %00 e the limiting

factor in the inflowing mediuvm. Media: (.1 per cent (NH SO,

and (@) dry weight myeelium, (O) NHL-N eoncenteation, (O)

antput of dey weight myeelinm; 0.05 per cent (N0, and

(&) dry weight myeelium, (A) NHi-N concentration, (A) out-

put of dry weight myerlinm. .

N
d

L3
0 02 2,

)
)
g chlortelracgelinefing doy Fmgealian

(3

ars
Dilution rale

a2

Frgure 8. Nteady state relationships in contint.us culture

of Streplompees aureafariens uning (NHye4 ), na the limiting
factor in the inflowing medium. Media: 0.1 per eeat (NH 80,
and (@) ehlortetracyeline concentration; (O} chlortetracy-
cline dry weight myeelium, (G output of chlorteteneycline;
008 per eent (N1, and (4) Fhlortetracyeline concentra-
tim, /O chlortetracyeline/dry weight mycelium, (A) output
of chlortetraeyeline. |
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The dev weight of myerlnm was prgertional to the
coneentmtion of the hauting substrte i tie fresld

Praneipaliv, the smmonmm sulphate hnataton differs
irere suerme litation an antibiote amd  pugnent
tosmntion. With nitrogen himitation, oth the antibwstie
el the pigments are prealuced even at very ke shiution
mtes (figire 6), 10 is possabile that at <till lewee dilutie
eates islower than 002 he ¥, which was the kmest dila-
tion rate usext) the annibiotic amd the puients wonkl
disapiear, bt this conld not be venbed for techiieal
rewsons, AL any rate, the fose of the alabity to preduaee
the antibiotie and the pigments is, with nitregen binata.
tion, shifted 10 extremely low values of dilution rates,
In triad experiments run at the dibition rate 22 hr °,
the prxinetion of the antibiotie wind the pigaents dud
not stop even after 1530 kr of growth, With mirogen
limitation, the amount of the antibiotie procduesd e
somewhat less than with sueriee lianitation, although
the values of the dry weight of myeclinm nre highee with
nitrogen limitation than in correspotsling rmine with
aucrose limitation. This is why the total output of the
antibiotic and the amount of antibiotie per unit of the
drey weight of myeclium is lower, as compared with
mierose limitation,

DiscrssioN
Comparizon of Behaviour of Filumentous cith
Nmpilamentous Organisma in Continsous
Culture

The theory of continious cultivation, elubormted by
Monad (1950) and Noviek ad Sziland (1930), was
extensively verilied, especinlly by Herbert, Elsworth,
and Telling (1956, for nonfilnmentous organisms, s
it has not been ao far aseertained exactly to what
extent the behavienr of Glamentous  onganisms i
continions culture is in agreement with the laws derivesd
for nonfilamentous organisms, we tried o verify this
theory for filamentous orgunisms.

From the curves in figures 1, 4, and 3, it cean be wen
that 8. aurrofacicns behaves in continuous enlture in
accordanee with assumptions derived by Mo, exeept
for the decrease of dry weight of myeelium at fow dilu-
tion rates and at those which are higher than a maximal
growth rate. These variations are of the sune chameter
an those of nonfilamentous micronrganisms and the
porsible cause shaill be diseussed later, Aeeonling to the
theory of the continuous eultivation, the behaviour of
organisms in continuous eulture with subwtrute linnta-
tion is charmeterized by three constants: the nuximal
growth rate (ua), the yield constant (1), and tae satura-
tion eonstant (K,).

Marimal groneth rale (u2). The maximal growth mte of
8. aureafaciens in batch eultivation is about 018 hr -,
irrexpective of the type or concentration of the limiting
fuctor used. As compared with the maximal growth rate
of bactena and yeasts, thin value i sabotit five lines
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sooadier cMaoneed, 19030, Herbert o al,, 19506 Heliae,
e B as well hnown that the value of the mavimd
growth mmte s dependent on the compreition of the
wishuana fron that it may nppear that the low maxind
grow th rute ae the pesilt of the tise of o syvnthetie me.
dinm In onr ease, hawever, this i not so, for even o
ratund medinm containing corm steep higquor Failed 1o
sl higher manimal growth rive Ganpualdished ditas.
A« entt b seers fremn figures 1and 5, the eritienl dilution
nte, 12, (a1t thas mte the microorganisms woukld e,
umler wdeal eotditions, eompletely washied ont from the

cultivation vesael), is invarinbly higher thun the maxi-
mal growth mie determianed in bateh eultivation (hgure
1). This fact, often quated by otier anthors for nou-
flatentous organisms, s largely explained by the
growth of microorganisms on the walls of the fermenta-
tion versed or by imperfeet mixing (Herbert el al., 1956).
et (1057 states that this phenomenon ix catsed by
better sdaptation of microorganismns to the enltivation
tions during o longer continions cultivation.

Yield conatant (V). It proved impoxsible to determine
relinbly the yield constant from bateh eultivation data
twennise the termination of the logarithmic phase of
growth was usually followed by a rapid drop in the
dey weight of myeelinm as o result of autolysis, In a
contintons evlture with suerose limitation, the yield
constant penained uonchanged in the moge of dilution
rates frem Q08 to 0 15 hr Vand equalled 0,43, this value
deerensed at dilution rates lower than 0.08 he * or higher
than 0.15 hr=' 10 0.32 (figare 1), The shape of the curve
showing the relationship between the values of the
viekl eomstant and the dilution mte was the ime for
hoth mierme concentrtions used. A similar shape is
wanal in nonfilimentous organisas. Herbert ef al. (1956)
and Maxon and Johnam (1953) explain the deerease of
the yiekl constant at low dilution rates by presuming
that, thanks to endogenous respiration, more earbon

Latll

from the enrbon suree is incorpornted into earbon di-

oxide than into the cell matter. The decerase of the yicld
constant at high dilution mtes is explained by the pro-
duetion of dilferent compound< which are not formed at
low dilution mtes (Maxon and Johnson, 1953; Pirt,
7).

Naturation constant (K.). The relationship between
the growth mte amd the concentmtion of the limiting
factor { Moged, 19540)

S

P K, 4+

cortainly is too simple to express acenrately the compli-
caterd process of growth (recently other, more compli-
cnteed relutionships have been postulated) but is quite
helpiul for such purposes where it is not necesary to
evpress diretly the reaction: Rineties, This constant
was ol enleulated foom hateh data, as in hateh eultiva-
tion the logarithmie phast enda too abruptly. It cannat
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b endendintesd Tron data ebiimesd ¢ s ewltiva
Bieds ot bow dilution pates, for che concentiatou o the
limitangg substrute i ton low aged Tees twvond the decur.
aey limit of the weay method We s Ditele prrpeee
e enleubiting it from value< obtamesd at igh diuten
rates, pespective from the Dy value (Hertwrt of al |
1, as these values are probuhly alondy itloenest
by the apparmins offect” (wall growth and iperfeet
wiangy. 0o ean be said with eertaity, however, that,
as with bacteri, the K, i very low becanise the g
arithmie phase terminates very abruptly in hateh culni-
op de-

vation and, i eontintuous cnltivation, s very st
cline in the dey weight of myecliom oreurs ne

LU S

Dy is exceedind,

Influence of Type of Limiting Substrate and Inlution
Rale on Nitrogen Content in Dry Weight of Myeelinm

The datn coneerning chatges of the nitoogen content
in the dry weight of myecelinm are in aecondance with
similar studies performied on baeteria by Holme (1957)
and Formal, Baron and Spilnan (1956). When con-
sidering the deercase of nitrogen eontent in the dey
weight of myecelium in nitrogen limitation, aceom-
punying the lowering of the dilution mmte, it must be
cmiphasized that, in our experience, this phenomenon
cannot he expliined by the prodaction of nitrgen.
free compounds in the myeelium (e.g., glycogen (Holme,
1057)); there ix, simultanconsly with the decrense of
nitrogen content in the dry weight of myeelivn, a drop
in the dry weight of mycelinm itself, Instewd, it wems
probable that nitrogenous compounds are produced amd
released to the medinm g thin poxsibility is corroborated
by the observed inerease in concentrtion of amine-
nitrogen at low dilition mtes in nitrogen Lmitation.

Production of Chlortetracycline and *igmenta in
Continuous Culture of 8. aureeofacions

in previously published papers, the continuons bio-
syithesin of antibioties was aimed ot the practical
utilization of the continuous method. We have thepe-
fore in our cxperiments followed the production of an
antibiotic under well<defined conditions in dependenee
on the dilution nue, and type and concentemtion of the
limiting factor, even though the synthetie medium was
not favourable to the antibiotie prxluction. The eoneen-
trations of the antibiotie obtained are in faet very low,
vet still exaetly measurable.’

From the above reaubts, the sudden disappenrunes of
the antibiotie and pigments aut low dilution riates in
sucrose limitation, and the gmdual disappearinee of
the antibiotic and pigments in nitrogen limitation, ar.
the most interesting. A similur observation was de-
seribed by Bartlett and Gerhandt (1939) during the
continuons binsynthesis of chloronmphenieol (although,
in their ense, no substrate limitation was coneerned),
namely a deerease of the antibiotic coutent in the myee-




Bt pesidting from o deepase of the dilton s e

prhe ot ton sevene thep fone 1o be b aomore oo
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e the lnosvnthesis o sanpie prodacts o proabers
asane presdueed ar high ddation rates oiten ceqe to be
prosluest ot bow dblution rates cMavon and Johion,
Bahts e, 1057,

fae emir expoenienes, twes possible esplaiations present

themsclves for the loss of the antibzotic amd et
prosbucing ability, At low difunon putes, when the eon-
coentration of the substeate in the enltivation vessel s
low, the enzyiue surfaces relatad 1o the prsduction of
the untibiotiec and phanenis ane not satordad, <o that
weither the antibiotic wos ihe pigineots are producsd,
Another explanation may te found in the seleeting of a
certain part of the heteragenconus population. \ non-
pigmented part of population, predueing no antibioiie,
might have i higher growth mte at low concent rations
of the lumiting factor (at low dilution mtes), whens
pigmenting and antibiotic-producing part of population
nught lave a higher growth rate at 2 higher coneentra-
tion of the limiting substrate (at a higher dilution mate),
The sevond alternative is supported by the faet thar the

S

antibiotie and piginent produetion is not resumed imme
ditely upon inercasig the sabstrde concentration in
the enltivation ves<l. Usdoubtedly, other explinations
could be found, <y, the difference in the »physiologieal
sate” of the cultune at different diluiion rates, as
stressedd by Mileh (1958). To =alve this question and to
expliun the differences between nitrogen and sucrse
linntation, further resenreh in necossary.
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SUMMARY

The behaviour of o struin of Steeplomyees aureufa-
ciena, wx epresentative of filimentous microorganising,
was studied during eontinuous growth in synthetie me-
drane. bt was found that under substrate limitation the
bebaviour of lilamentous microorganisiis is the same as
nonfilamentous microonganisms, In both cases, the con-
fority with the theory is only fair and the diserepun-
eies from the theory are of the same chuaracter. The pro-
duction of chlortetrneveline and pigment formation
were alwo studied with regand to dependence on the type

o«
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Continuous Streptomycin Fermentation

BOHUMIL SIKYTA. JIRT DOSKOCIL AND JITKA
KASPAROVA

Antibiotica Research Institule, Roztoky, vear 'rogue, Ctzechoslorikia,

Sunonary, A pilot plant unit for continuous eultivation of hivphae-
forming micro-organizms, providing fora uniform flow veloeity in fermenta-
tions on suspension media with amassive growth of myeclium, is deseribed.
For the mainfenanee of aseptic conditions, over-prossure of airis maintained .
in the whold equipment. This equipment has been used for studies of the
continuous biosynthesis of streptomyein. A three-stage fermentation
proved the most advantageous., The first stage serves for ultiplieation
of the inoculum; the second and third for the formation of the antibiotice,
The aystem was maintained for 300400 h with yiekds amonnting to 2,000
2,500 u, of atreptomyein ml without any signs of contaminat ion or degenera-
tion of the growing culture, '

Introduction

Continuous cultivation of micro-organisms s gaining ever-
inereasing importance in microbiology for the solution of hoth
theoretical and practieal problems. due to its numerous advantages
compared with bateh cultivation, as was pointed out by Noviek.t

The hasic theory of continuous cultivation was first published
by Monod,? and Novick and Szilard 4+ and further developed by
numerous authors.5-9 There exist two basic types of continuous
cultivation method and twa basic types of cultivation equipment.
One of these is called *chemostat ™3 or “bhactogen’.? the other
‘turbidostat .19 In the first method fresh medium is added at
constant velocity to the cnltivation vessel in which a constant |
volume of medium is maintained. The veloeity of growth of the '
culture is limited by lowering the concentration of one of the basice
nutrients. the other nutrients heing in excess.  In the second :
method, the equilibrium state is reached by increased velocity
of intlow for an inereasing number of micro-organisms in the vessel

359
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and by deereased antlow dor deereasmy nanber ol micro:
organisms in the vessel, The other ty pees of equipment s hich have
. been deseribed sa far are more or Joss nodifications ol the two
bakic systems, e the anxanometer V1 the hreeder b2 anel

_ number of otheps . 13 19
- The method of continnous cultivation of miero urganisms has
already been uzed in a number of varied applications: for the
multiplieation of a large number of pathogenic niero-orgin:
i 1547 in the tield of microbial geneties in a study of mutation
conditions, 1% for the relection of hacterinl enltures 30 and tor

the study of enzyme formation 2. e 20
Simulfancously with the solution of theoretieal guestions, possi-

bilitiexof application of the cont intous method in various hranehes .
of the fermentation industry were considered.  One of the very
- first publications on continuous cltivation *1 was coneerned with
the possibility of continuous production of letie acid. Con-
tinuous pr(qm;_m!i«;n of baker's veast,22 of fodder veast. 23 20 of
aleohol.25 26 and of butanol 27 were alro objeets of invest igation.
In the construction of eqinpment for continnous cultivation
special emphiasis his been faid upon the maintenance of a unitorm
flow of medium.  Varions devices for this purpose have heen
dexcribed: the principle of the Mariotte bottle 8315 28 pota-
) meters® 29 and various types of prmps.8. 30 In all the types of
apparatus deseribed so far, however, only clear, HOT-SUSPERSION

type media may he used,

In industrial-scale production of antibioties rich suspension-
type media aro used ahmest exclusively in order to secure NN
mum yields, One of the Dasie conditions of suecessful produet ion
of antibioties is the maintenanee of strietly aseptic cultivation
conditions, achieved by an over-pressure of air in the whole
cquipment; this constituting a cubstantinl ditference from the
prmluctiun of Laker's veast, fodder veast, and aleohol. .\ further
factor. influeneing profoundly the production of antibioties, ix
aeration and agitation of the fermented liquid,  During intense
aeration. expecially of suspension medin, strong fonm {ormation
often takes place and defoaming is very diftienlt.

In this paper we deseribe an apparatus for the continons
cultivation of Ly phae-forming MICTO- T NISS, providing a

uniform flow velocity evenin fermentations on suspension media

.
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with a powerful growth of myechum.  For aseptie enltiva-
tion conditions, air over pressure s maintained e the whole
equipment.

General Description

The equipment is shown sehematically in Fig 1 Tt conxists of
a tank (8N) of 80 L working capacity in which the medium is
prepared and sterilized.  From this tank. sterile medinm is let

.
oMy My My |
im mi r
]
2 " 7 1 ,
g
Fig. 1. Contimuous cultane plant
N osterilizinng vesse i S wedicdter
it teservaar V.oV, electromugnete vabves
Foor, tetantorn. MM et s

out into a small tank (/) of 20 L capaeity, serving as an inter
medinte reservoir for medinm while it ix being prepared and
sterilized in the large tank.  From the small tank medium flows
into one, two or three little tanks (Fy Fo F3i) matually con-
nectedd, of 315 L eapacity, in which the cultivation proper takes
place. in one. two or three stages, The fermented medinm is
collected in the collector (0).

The \clnut\ of flow of medium is regulated by (Iutrumubnclly
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: valves (13-, The valves are gonverned by two adjustable
; relay awitehes, one of which determimes the opening time of the
; valve, the other the frequency of medinm injections. For aseptie
conditions of cultivation air over pressure is maintained in the
whole equipment and measured by manometers (M, Ma) Nir

: over-pressure deerenses from the value of 08 atm in tank N 1o
; 0-2 atm in the collector (2. Gradual deerease of over pressure in
! the sequence of vessels is neces<ary for functioning of the vilves

and for the regulation of flow velocity,  For the maintenance of
an equilibrium state in the growing culture the outtlow veloenty
has to be equal to the inflow veloeity. Thixinvolves the following
items of equipment : the cultivation vessel for the preparation and
aterilization of the medium, the reservoir, the clectromagnetic
valves, the relay switeh, piping and collector. N detailed deserip-
tion of all these parts follows,

SCultiration Vessel

o As fermentation vessels we used standard laboratory fermenta-
tion tanks. used in the Autibioties Researeh Institute tor studies
in the technology of antibioties, which have heen slight]y moditied
for continuous work. The tanks are made of stainless steel AKVN,
the vessel itsell being a evlinder with a total eapacity of 20 L
(working eapacity 5-15 L), These tanks have been deseribed in
‘ o detail elsewhere ™

Nterilization Tank

For sterilization and preparation of the medium a stainless
steel fermentation tank of 90 1, working capacity was used. The
contents of the tank are agitated by a paddle impeller ona shatt,
The shaft is driven by a 1-5 h.p. motor by means of a belt pulley.
The tank is further equipped with a ring spurger and a baflie, and
equipment for sumpling and for injection of auxiliary substanees,
Medium in sterilized and coolad by means of eoils with cither
steam or coll water. Air entering the tank through the ring
wparger is sterilized by a filter packed with glass woul.  On the
Jower end of the tank there is the closing valve, connected with
the reservoir by means of piping. '
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] shown schematically in Fig. 2. Tt functions as follows: by
“connecting the net switeh 17, the time relay (TM 100x), adjustable
from 2 to 100 see, is hrought into action,  This relay determines
; the ‘closed” period between two injeetions,  After this period, the
! relay connects the d.c. 6 V circuit feeding the coil of the telephone
relay (Tel. Bv.). and the electrolytic condenser (60 uF) with a
: parallel wire potentiometer of 3-2 k62 by which the duration of the
. injection is determined. This potentiometer dissipates, more or
: less according to its position. the charge on the condenser feeding
‘ - the eail of the telephone relay. By attraction of the core of the
relay Tel. Bv. the feeding circuit of the timing relay TM 100s is - .
instantly interrupted. whereas the condenser continues to feed the
coil of the relay Tel. Bv. until discharge. After that the core of
the telephone relay falls again connecting the circuit of relay
TM 100s determining again the interval between the injections.
The relay RP 90 connects the circuit of the valves,

Maintenance of Constant Level of Medium in Fermentation: Tanks

A constant volume of medium in the fermentation tanks is
maintained by an overflow pipe reaching to the level of the
fermentation liquid. The amount of outflowing liquid is governed
by intermittent make-and-break of the cleetromagnetic solenoid
valve, the function of which is synchronized with that of the valve
for the inlet of medium.

Description of the Procedure

The sterilization tank is sterilized by steam passing through the

coils in the tank. The reservoir, the fermentation tanks and the

collector are independently sterilized in the box autoclave for
P 4 hat 125°C.  Each tank is sterilized with the approprinte part of i
: the piping and the closing valve without the electric coil, cover ‘
and cap. During sterilization all valves and taps of the tank are ‘
cloted and free connections are wrapped in cotton wool.  After i

steritization the tanks are placed in the water bath.  This i

equipped with an automatic supply of ‘cold water governed hy o

pneumatic registrating temperature regulator with a capillary

thermometer as a sensing device and a pneamatic membrane

valve. The reservoir (R) is connected with the sterilization

\
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tank (8) by means of piping. "The rest of the tanks (Fi -F3) are
x» conneeted: that the piping with the valvo of one tank is con-
nected with ghe corresponding part of the piping of the xecond
tank hy means of n eap nut.  After the whole system has been
o connected, the elect rie coils, covers and caps are fixed in place.

The medifim is prepared and sterilized in the sterilization tank.
After sterilization, medium from this tank is let into the other
tanks except the collector. After conswmption of all of tho
medium from the sterilization tank. this tank is used again for .
the preparatjon of new sterile medium.  Medium in the tanks is
inoculated with an inoculum from a flask by a pipette. supply and
i outlet of air is connected, and the aepation and over-pressure 0
air in the tenk is regulated tu the desired value.

PO PSR PR S S

Experimental Results

; The equipment deseribed above was used to study the possi-
bility of continuous biosynthesis of streptomyein. Streptoniyces
griscus, strain LS-1, and medium of the following composition were
used in the experiments: glucose 33 per cent, corn-steep solids
0-60 per cent. ammonium sulphate 0:9 per cent, monopotassiun
phosphate 0-02 per cent. calcium carbonate 0-0 per cent and
ferrous sulphate 0-003 per cent.

The medium was aerated with 10 volume of air/min and stirred
at 400 rev/min. The rate of oxygen transfer as measured by the
sulphite oxidation was 2,500 ml 0¢/l.h. The temperature during
growth was maintained at 28°C and the tanks were inoculated
with 100 ml of 2 48 h inoculum from a flask.

e o+ gt s b mee miwanma s

Single-stage Process

At first, continuous cultivation in a single vessel was em-
ployed. TFig. 3 shows the patterns of pH and streptomycin con-
centration at a dilution rate of D = 0-02 h-1. After starting the
fow of the nutrient medium, the quantity of antibiotic constantly

~ decreased and steadied at about 200 wnits of streptomycin/mi;
when the flow of the nutrient medium was stopped, the quantity
of antibiotic increased again until all glucose was utilized. Main-

tenance of a constaut production of streptomycin between the

T

.
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i
; so n A i 1 I 0
' 0 S0 K00 150 200 250 300
¢ : Hours
; . Fig. 3. Continuous cultivation of Streplomyces griseus at the dilution rato
4 D = 0-02 h-3. (1) pH; (2) concentration of streptomyein (w./ml).  The arrows
indicate tho start and the end of the flow of the nutrient medium
- limita of 2,000-2,500 w./ml was possible only with a very low
| dilution rate of D = 0:01 h-! (Fig. 4).
i The process of biosynthesis for most antibiotics may bo divided
o into at least two phases—a growth phase and a production
" ; phase.3? The main synthesis of antibiotic does not hegin until :
|
; v L) T T Y
? -
: 75t J2.500
|
| 70 ' 42000
! | /]
} o
; ¢ \\/ A i 1/\“/ -
; \ L
! 6-0F \/ +1.000
L Ao
; $S : i A 1 1 i S00
’ 0 SO K0 150 200 2% 300
A Hours
j Fig. 4. Continupus cultivation of .S‘lrgplomycn griseus at tho dilution rate
: D = 0-011 h=%. (1) pH; (2) concentration of streptomycin (w.’ml).  The arrow
! indica[te- the start of the flow of the nutrient medium
{
i
. P . ) N - N
3
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i . the growth'of culture has largely stopped (Fig. 5). This is a
: typicalexample of a process in which the formation of the product |
;- I8 not -connected with the growth of the micro-organism. The !

'; . conversion of such a process into a one-stage, continuous procesa E .
| : [ is therefore very difticult and may even beo impossible because the -
dilutiop rate optimal for the growth of the mycelium is far greater ‘
than that for biosynthesis of antibiotic. We therefore considered ’
the passibility of dividing the whole fermentation into several P .
stages;with a threo-stage process proving the most advantageous. ! '

4

a: 1 2 3 4 , S 6 7 &
w1250 28 l‘SrSO . oo-7-slnzs-z,soo.

$
S

soJo Jo

Fig. 6. Metabolic changes in tho submerged culture of Streplomyces griseus.
(1) concentration of phosphorus (g/ml); (2) concentration of «-amino-nitrogen
(mg/10 ml); (3) concentration of ammonia nitrogen (mg/ml); (4) concentration of
) glucoso (mg/ml); (5) dry wt mycclium (mg/mi); (6) pH; (7) concentration of
¢ ; pyruvate (1g Na pyruvato/ml); (8) concentration of streptomycin {u./ml) ;

Multi-stage Operation ' |

According to the course of metabolic changes determined in i
batch fermentation (Fig. 5) it is possible to divide the develop- :
ment of the culture of Streplomyces griseus into these threo
stages: ' 1
i (1) Logarithmic growth of the mycelium accompanied by a ;
: rapid consumption of amino-nitrogen and phosphorus in the :
i " medium and by a steep increase and subsecuent steep decrease

- of the level of keto-acids in the medium.
) (2) Rapid consumption of reducing substances and ammonia

.

.

-
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. _ nitrogen, a decrease in pH and increasing formation of the

. antibiotic.
! (3) Rapid aynthesis of the antibiotic accompanied by a rapid

increase in pH.

The operating process was divided into three steps correspond-
ing to tho ahove three stages; in the first stage continuous multi-
plication of the mycclinum, in the second intense consumption of
reducing substances and in the third main synthesis of tho anti-
biotic, take place.

The most difficult problem was the determination of the
velocity of exchange of one volume of medium in the first stage. ;

From the curve of mycelinl dry weight with time, determined C '
for batch fermentations, the weight increase per hour between f , -
10-60 h was calculated by a method described previously.33 The
shortest period of exchange of one volumoe of medium with main-
t tenance of equilibrium conditions corresponded to a dilution rate
of D = 0-2 h-1; in this case, however, the amount of mycelium in
the medium was low.. A satisfactory concentration of the myce- : '
' lium in the nutrient medium (about 3:53 mg dry weight/ml) was
i achieved at tho dilution rate of D = 0-1 h-1 (Fig. 6). Aa the

T T "
i

567 8
{i047-5412542.500

SRUPUIP NI

8J70)i00}2000

61651 7511.500

J4 1604 5041.000

i

(W SN ~d .
— -

- ~
R e W .

25t sfostiot /1 Mg =\ NS 2 1551 25500

Loz .
—— 80 )50 0J0
0 SO 100 IS0 200 250 300 350 400

Hours . .
Fig. 6. Metabolic changes in the process of continuous cultivation of Strepfomyces
griseus in the first atage at the dilution rate /2 = 0:1 h-1. (1) concentration of
phosphorus (ug/ml); (2) concentration of a-amino-nitrogen (mg/10 ml); (3) con.
centration of aminonia nitrogen (mg/ml); (4) concentration of glucoso (mg:ml);
(6) dry wt mycelium (mg/ml); (6) pH: (7) concentration ¢f pyruvate (1g Na
pyTuvate/ml) ; (8) concentration of streptomyein (u./ml). The arrow indicates the
start of the flow of the nutriont medium
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logarithmic growth of mycclium is accompanicd by a porallel
rapid increaso of the level of keto-ncids in the medium, flow was

_ started when the maximum of keto-neids {nhout 100 pg/ml) was

<

reached—usually about 23-24 I of cultivation.

Metabolic changes during the first, or rapid growth, stago of
continuoj}s fermentation are shown in Fig. 6. After the flow of
the nutripnt medium had heen started (indicated by the arrow) a
small decrease of tho weight of myecelial dry matter set in and
the weight did not stabilize at a constant value till after 50 h of

cultivutiéﬁ. A similar decrease, oceurring in the cultivation
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Fig. 7. Metabolic changos in the procesa of continuous cultivation of Streplomyces
griseus in the sccond stago at tho dilution rato ) = 0:05 h-!, (1) concontration
of ammonia nitrogen (mg/ml); (2) concentration of glucoso (mg/ml); (3) dry
wt mycelium (mg/ml); (4) pH; (5) corcentration of streptomycein (u./ml)

of bacteria, is ascribed by some workers to the distribution of
generation times in the culture. It was found that the amount
of ammonia nitrogen remained constant at the initial level during
the whole process of fermentation while glucose and amino-
nitrogen fell gradually. Investigations concerning the growth
limiting factor were not succossful. -During the whole process
of continuous fermentation it was possible to observe a small,
gradual decrease in phosphorus and amino-nitrogen content and &
slight increase in the weight of mycelial dry matter. This was
most probably caused by the growth of niicro-organisms on the
walls of the fermenting vessel. These micro-organisms could be
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washed down into the nutrient medinm again, inereasing the con- ;
centration “of micro-organisms and causing an increased con- ‘
sumption of some of the nutrients. Tho amount of antibiotic in
. the medium varied from zoro to 100 u/mi in this first stage.

The process of the sccond stage is shown in Fig. 7. After
50 h of cultivation a strong growth of mycclium on the walls of
the fermenting vessel was observed. The utilization of nutrients
and the weight of mycclial dry matter varied considerably during
the fermentation. Evidenco was obtained that phosphorus and
amino-nitrogen were entirely utilized so that they could be
considered as factors limiting tho growth. Adding both phos-
phorus and amino-nitrogen during fermentation did not, however, ‘ v
increase the weight of dry mycelium. Ammonia-nitrogen was b N

* partially utilized, but its content in the medium varied consider- : -
- ably in this stage. This miay be explained by a partial autolysis
' of the hyphae which was also ascertained by microscopic observa- ;
‘ tion. The content of streptomycin steadied after the initial :
i increase within the limits of 500-1,000 u./ml.
© It was very difficult to follow metabolic changes and the
amount of mycelium in the medium during the third, final stage.
". The adherence of mycelium to the walls of the fermenting vessel
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Fig. 8. Third stage continuous cultivation of Streplomnyces griseus at the dilution
rate D = 0:033 h-1, (1) pH; (2) concentration of stroptomycin (u./ml)
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was very great and cansed considorable differences in nutrient
, levels in the medium; therefore only the lovel of antibiotic and
. , changes of pH were surveyed (Fig. B). It in worth noting that
. even in this stage, at a low dilution rate, glucoso and ammonin ;
nitrogen were not. entirely utilized and wero removed unused. , i
This factor, when applied to an industrial facility on a larger :
scale. would make this system less advantageous cconomically
than the more common batch process.
In the whole equipment the flow velocity was 8o adjusted as to
exchango the 5 1. of formentation liquid in the first stage in 10 h.
In the second stage a doubled residence time was achieved by
doubling the volume of the liquid to 10 1. at equal flow velocity.
In the third stage tho volume was adjusted to 15 1. of medium for
- the same reason, givinga dilution rate of D = 0-033 h-1.
The total fermentation operating time amounted to 300-400 h,
] with yields of 2.000-2,500 u. of streptomycin/ml, without any
i sign of degeneration or contamination of the culture.
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